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We found paramagnetic behavior at 300 K of graphene sheets embedded carbon (GSEC) film, which is deposited under low energy electron irradiation in electron cyclotron resonance plasma. The origin of the magnetic properties of GSEC film is ascribed to the formation of graphene nanocrystallite. With higher irradiation energy, the size of nanocrystallite barely changed, while the density in GSEC film became higher, leading to a dramatically increase of saturation magnetization and residual magnetism. This finding indicates that GSEC film with higher magnetization can be expected, which has the potential for magnetic and spintronics applications. The magnetism of carbon nanomaterials has drawn much interest ever since the ferromagnetic C 60 was reported. 1 Thereafter, magnetic behaviors have been found in other carbon allotropies such as nanofoam 2 and nanofibers. 3 However, these magnetic carbon materials are not suitable for nanodevice application, since their shape and size are usually uncertain due to the preparing method. Meanwhile, although the mechanism was not very clear, one opinion was proposed that the intrinsic magnetism in carbon materials origins from the spin of uncoupled electrons. 2 Based on this fundamental understanding, another kind of approaches was developed, which is to create defects in perfect graphite or diamond structure. 4 For instance, high oriented pyrolytic graphite (HOPG) 5 and nanodiamond 6 were irradiated by ions in order to induced magnetic property. This method made the shape and size of the magnetic carbon material designable. But the procedure was usually complicated and demanding special facilities such as ion sources. Recently, graphene based material became a new path to obtain better magnetic performances, because it shows unique electron structure and mechanical properties for potential utilities in nanomachinery. There were theoretical and experimental studies on magnetic graphene oxide, 7-9 graphene nanoflakes, 10, 11 and hydrogenated graphene. 12, 13 However, the experimental results are still not satisfying and the procedures are not simple enough. Lately, we have reported our method to directly preparing graphene sheets embedded carbon (GSEC) film by using low energy electron irradiation during deposition.
14 In this study, we further report the paramagnetic behavior of GSEC film at room temperature of 300 K. The origin of its magnetic properties is explained in relationship with the defects at the edges of small size embedded graphene nanocrystallite.
The electron cyclotron resonance (ECR) plasma sputtering system was used for film deposition. The film was prepared using low energy electron irradiation technique, which was developed in our former research.
14 In this study, three irradiation energies of 10, 50, and 100 eV were selected to obtain films with different nanostructures for magnetic behavior study. For comparison, the carbon target material (named pristine carbon) was also studied in the following research. The films were deposited for 1 h with the growth rate of 4 nm per minute.
The film nanostructures were characterized through transmission electron microscope (TEM) with 200 kV acceleration voltage and Raman spectrometer with 514 nm laser excitation. Figure 1 showed the Raman spectra of the pristine carbon and the films prepared with different electron irradiation energy. The spectrum of pristine carbon and 10 eV irradiation sample show a board band from 1100 to 1800 cm À1 , representing the amorphous structure. The spectrum of 50 and 100 eV irradiation sample (GSEC films) showed separated D and G band around 1350 and 1580 cm
À1
, and a medium strong 2D band around 2690 cm
, which is the feature of graphene structure with less than 5 layers. 15, 16 The low-wave-number part between 1100 cm À1 and 1800 cm À1 is decomposed into a Lorentz shaped D band and a Breit-Winger-Fano (BWF) shaped G band. 17 The fitted G band center was right shifted due to the BWF method 18 x ¼ x 0 -C=2jQj;
(1) where x is the actual G band center, x 0 is the fitted G band center, C is the full width at the half maximum (FWHM), and Q is the fitting coefficient. By fitting the D and G bands, the ratios of D band to G band (I D /I G ) are obtained as 0.40, 0.45, 1.20, 1.26 for pristine carbon, 10, 50, and 100 eV irradiation sample, respectively. From the above fitting results, more quantitative results can be derived. It has been found that the grain size inside carbon film is related to I D /I G . 3, 17, [19] [20] [21] To be specific, the in-plane size of graphene sheet grain size (L a ) can be described by the following equations: 20, 21 
where C and C 0 are coefficients related to excitation laser wavelength. In our case, C(k ¼ 514 nm) is 4.362 nm and C 0 (k ¼ 514 nm) is 0.55 nm À2 , respectively. From the TEM observation, 14 we have recognized the size of graphene nanocrystallite in the GSEC films is 3 to 5 nm, while the pristine carbon target and amorphous carbon film showed non-crystalline structure, which meant their grain sizes were less than 2 nm. So the average in-plane size of graphene sheet in the four samples can be estimated from their I D /I G values by introducing Eq. (2) for GSEC film and Eq. (3) for amorphous carbon. Therefore, L a of the four samples are 0.85, 0.90, 3.64, and 3.46 nm, respectively. It is obvious that the calculated grain sizes of the four samples are in good agreement with the TEM observation. In addition, the similar grain size of the two GSEC films indicates that increasing irradiation energy from 50 eV to 100 eV did not lead to larger graphene nanocrystallite. However, we noticed that the Raman bands intensity of the 100 eV irradiation sample was twice stronger than those of the 50 eV irradiation sample. We believe this is caused by the increasing of nanocrystallite content. The X-ray photoelectron spectroscopy results showed that the sp 2 content increased from 71% to 81% as the irradiation energy increased from 50 eV to 100 eV. This also can be seen as a result of the increasing nanocrystallite content. So the increasing irradiation energy causes more nanocrystallite in the GSEC film, while the grain size remains 3 to 4 nm.
In order to study the magnetic property of GSEC film, the films were scratched off the substrate carefully and collected onto a plastic foil with a diamond-tip-pencil. The foil was then folded and packed into the plastic capsule. Magnetization measurements were carried out with a SQUID MPMS-XL-7 from Quantum Design at the constant temperature of 300 K. The applied magnetic field was from À10 kOe to 10 kOe. Figure 2 shows the measured magnetic moment of 50 eV irradiation GSEC film together with plastic foil (red circle) as well as the plastic foil (black open square). The weights of plastic foil with and without GSEC film are 111.4 mg and 110.4 mg, respectively. Thus, the GSEC film weight is calculated to be 1 mg.
The figure clearly shows an S-shaped curve for GSEC film together with the plastic foil, which suggests a paramagnetic behavior at 300 K. Since the plastic foil is antimagnetic as indicated by the liner curve, we ascribe the paramagnetic behavior to the GSEC film.
The magnetic moment of carbon films was obtained by subtraction of the plastic foil signal and further conversed into unit magnetic moment. The results for pristine carbon, 10, 50, and 100 eV irradiation samples are shown in Figure  3 . It is obvious that the pristine carbon has the least saturation magnetization (M s ), and M s become larger as the irradiation energy increases from 10 to 100 eV. Especially the 100 eV irradiation sample has the M s of 0.265 emu/g, which is about ten times larger than pristine carbon. From the inset graph, the hysteresis loops of the four samples can be clearly seen. In this graph, the effect of electron irradiation energy on the magnetic behavior of GSEC film is more obvious, where the hysteresis loops of 100 eV irradiation sample looks remarkably large comparing to the other three samples. The residual magnetism (B r ) and coercive force (H c ) also increased dramatically. From the standpoint of application in magnetic record field, these higher B r and larger H c are preferred since they can bring about stronger magnetic record ability. For clearer comparison, Table I exhibits some reported magnetic graphene based materials and their magnetizations at 300 K, a temperature close to real application. Apparently, the magnetization of 100 eV irradiation GSEC film is larger than most of the listed materials. Moreover, all the other materials are either random flakes or films that need heavy ion irradiation, which make them inconvenient for large scale production. On the other hand, GSEC films can be directly deposited in large scale and the three dimensional shapes can be easily controlled. Although the in-plane directions of graphene nanocrystallites are random, their vertical growing direction is normal to the substrate. If the magnetization can be further increased, the GSEC films will be more convenient and economical for magnetic and spintronics applications.
The origin of carbon magnetism has been studied in both theoretical [22] [23] [24] [25] [26] and experimental 2,3 manners, and the inner defects were found responsible for the paramagnetic behavior. In theoretical studies, the origin of carbon magnetism was ascribed to either unsaturated graphene edge atoms [22] [23] [24] [25] or certain curving of graphene sheet which can produce radicals. 26 In experimental researches, it was found from electron spin resonance results that the dangling sp 2 atoms at the edge and defect positions can provide magnetic moment. 2, 3 As long as the edge defects and curving in graphene based structures were considered as the reason for magnetic behavior, these structures have not been clearly found out in a visible approach. In GSEC structure, the edge defects and curving of graphene sheets can be identified clearly in the TEM image, as shown in Figure 4 . It can be seen from the figure that the graphene nanocrystallite contains a lot of edge atoms due to their small sizes. The neighboring graphene sheets aligned parallel, which can lead to magnetic moment coupling between edge atoms. The curving of the graphene sheets may also lead to free spin of sp 2 atoms. In fact, we found the magnetization of GSEC structure increases with the increment of nanocrystallite content in the film, which will be described in detail in the following. So the intrinsic magnetic property may be ascribed to the formation of graphene nanocrystallite.
In our research, we noticed that the increasing electron irradiation energy effectively improved the magnetic behavior of GSEC film. As the irradiation energy reached 50 eV, the film structure changes from amorphous to GSEC, and the magnetic properties M s and B r increased slightly comparing to the pristine and amorphous state, as shown in Figure 5(a) . However, the grain size of the graphene nanocrystallite has dramatically increased from less than 1 nm to 3.46 nm, as shown by the blue curve in Figure 5 (b). Moreover, as the irradiation energy increased to 100 eV, the grain size barely changes, while the M s and B r notably increased together. This means the grain size has little relationship with the magnetic performances.
On the contrary, when GSEC structure is formed, M s and B r increase greatly with sp 2 increment, which is clearly shown by the red curve in Figure 5 (b). This can be ascribed to the increasing of graphene nanocrystallite content. Since the graphene sheets contains many defect atoms, which can create magnetic moment through spin arrangement, the increasing of nanocrystallite can lead to stronger magnetization. This result indicates that it is very effective to increase graphene nanocrystallite density in the film rather than grown nanocrystallite with larger size, because the former method can obtain much more edge defects. It is highly possible that if the content of graphene nanocrystallite further increased, the magnetization of GSEC structure could consequently became larger. This is an interesting way to obtain carbon nanostructures with high magnetization, which will be investigated in the following study. In conclusion, we found paramagnetic behavior at 300 K of GSEC film which was directly obtained by using low energy electron irradiation during deposition. With irradiation energy of 100 eV, the GSEC film has the saturation magnetization of 0.265 emu/g, which is larger than most graphene based materials ever reported. The origin of magnetic property of GSEC film was ascribed to the formation of graphene nanocrystallite. The increasing of irradiation energy lead to higher nanocrystallite density, while the grain size barely changed. An effective method to improve the magnetic properties of GSEC film has been discovered, which is to increase the nanocrystallite density in the film rather than gain larger graphene sheets. Since the nanocrystallite density is controlled by the electron irradiation energy, GSEC film with higher magnetization can be obtained in the future studies, and we can see the possibility of developing GSEC film for magnetic and spintronics applications.
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